ZnO has hexagonal wurtzite structure that is characterized by a mixture of ionic and covalent bondings between Zn and O atoms. A Zn atom is surrounded by four O atoms, or vice versa, which are located at the edges of a tetrahedron. Such coordination gives rise to polar symmetry along the c-axis of the hexagonal structure. The polarity affects electrical, optical, mechanical, and chemical properties of ZnO. In 2000, we have reported the successful selective growth of polarity-controlled ZnO films by molecular-beam epitaxy (MBE) using either GaN templates or MgO buffer. We confirmed different growth behaviors on the surfaces of ZnO layers with different polarities. Recently, we have explored the effect of crystal polarity on the formation of ZnO nanostructures. The periodically polarity-inverted (PPI) ZnO templates with submicron line-pitch over a large area were fabricated using MBE by employing MgO buffer layers and lithography technique. We grew ZnO nanorods using chemical transport and condensation method. The ZnO nanorods grew only on Zn-polar regions with the same periodicity as that of PPI template, which eventually produces well-aligned ZnO nanorod arrays.
Zinc oxide is becoming one of the most important II-IV compound semiconductors. Interestingly researches on ZnO started early 1900s 1, 2) . ZnO has a wide direct band-gap (3.37 eV) and a high exciton binding energy of 60 meV, which makes this material suitable for applications to optoelectronic devices in the short wavelength range based on efficient excitonic processes at room temperature 3) . On the other hand, the surface of ZnO readily responds to external atmosphere such as gas, solution, and light, which in turn leads to a change in electrical property and makes it possible to use as materials for catalyst and sensors 4∼6) . In such applications, the crystal polarity of ZnO should be primarily considered, since its response to the external stimulus strongly depends on crystal polarity. Crystal polarity arises from lack of the centre of symmetry in the lattice together with partial ionic bonding nature of Zn and O atoms. Such nature gives rise to strong piezoelectricity and pyroelectricity. Hence, O-polar and Zn-polar surfaces show different chemical and electrical properties.
Recently, ZnO nanostructures have been extensively studied to fabricate nano-devices including UV-range optoelectronic, catalytic, and sensing devices with improved performances 7∼11) . The features of nanostructures such as high aspect ratio, high surface area, and dimensionality strongly affect the characteristics of those devices. It is obvious that for the realization of devices with improved performances, the growth control including size, direction, density, and assembly is necessary.
In this paper, we will demonstrate that the array of ZnO nanorods can be well controlled by using periodical polarity inverted (PPI) ZnO templates in addition to Au catalyst. Figure 1 shows the procedure to fabricate ZnO nanorod arrays on PPI templates in this study. Firstly, an MgO thin film thicker than 5 nm was deposited on a clean c-Al2O3 substrate using plasma-assisted molecular-beam epitaxy (P-MBE) in order to form a Zn-polar ZnO film. And then ZnO layer was grown on the MgO buffer structures as a capping layer in order † -to prevent etching of MgO by water during following a lithography process. The detail procedures and optimum conditions for polarity control of ZnO film were previously reported in ref 12, 13) . The polarity of ZnO film can be controlled using the variation of crystal structure by thickness of MgO. Thin MgO layer remains a wurzite structure by an effect of Al2O3 substrate, which derives to form O-polar ZnO 14, 15) . By increasing the thickness of MgO, however, the crystal structure changes to a rocksalt as a natural crystal structure of MgO. During the growth of MgO on cAl2O3 substrate in the MBE system, the transformation of crystal structure was monitored in situ using reflection high energy electron diffraction (RHEED). Holographic lithography using an interference of splitted beam was employed for submicron patterning of both ZnO thin film and MgO buffer on substrate. Opened area by the lithography was etched to MgO layer by a dry-etching. After the etching, MgO layer in opened area remains the thickness below 3 nm. The photoresist was removed by acetone and the striped patterned ZnO/MgO template was cleaned using ethanol and acetone. The PPI structure was finally obtained by re-growth of ZnO on the ZnO/MgO template using MBE. Before the growth of ZnO nanorods, 5Å-Au thin film was deposited on the prepared PPI template using e-beam evaporation and was annealed at 850 o C. ZnO nanorods were grown on the PPI template using a chemical transport and condensation method by a carbothermal reduction of ZnO powder in a horizontal typed gold transparent electric furnace. A source boat with loading with the mixture of ZnO and graphite power (1 : 1 wt%) and the fabricated PPI template were placed at the center of the furnace. At the time, the PPI template was faced toward the source with the gap of ∼5 mm. The constant stream (100 sccm) of argon gas including 5% oxygen flowed through the reaction system. The reactor was heated to the set temperature of 900℃ and maintained for 20 min.
Morphological characteristics of the PPI template and the ZnO nanorod arrays were investigated by atomic force microscopy (AFM) and secondary electron microscopy (SEM). The polarity of ZnO was measured using piezo response microscopy (PRM). Crystal qualities and optical properties were studied using high resolution X-ray diffraction (HRXRD) and photoluminescence (PL) system with a 325 nm HeCd line as the excitation source. Figure 2 shows AFM and corresponding PRM image of the PPI template. In the AFM image of PPI structures, the pitch of lines with different thickness is ∼650 nm. The thickness difference about 80 nm between two regions was larger than that due to etching process as shown in Fig. 1 5) . The reason can be explained by incorporation rate of Zn adatom on Zn-and O-polar surface. In the view of atomic configuration at the surface of each polar, dangling bonds of oxygen atom on Zn-polar are three times larger than those on O-polar 13) . Therefore, the Znpolar ZnO surface has a higher surface energy and growth rate than the O-polar surface. Consequently, we can conclude that thicker and thin regions in AFM image correspond to Zn-and O-polar ZnO, respectively. As another method for defining the polarity, we employed the PRM measurement. When an AC voltage is applied to a ZnO film, a probe with mechanical contract on the surface of sample moves up and down by the piezoelectric properties of the sample. Under a positive voltage on Zn-polar ZnO, the probe on the surface moves down by a contraction of crystal structure along the c-axis due to a negative field with respect to the [0001] direction. An O-polar ZnO shows the reverse tendency. The difference results in contrast in PRM image. The O-polar region with relatively thin-thickness is brighter than the Zn- polar region as shown in Fig. 2 (b) . It clearly indicates that two regions have different polarity phase. Figure 3 shows SEM images of ZnO nanorod arrays on the PPI template. The ZnO nanorods were formed over large area. The right and left side of image in Fig. 3 (a) shows a surface morphology of the PPI template and the nanorods, respectively. It reveals that the direction and gap of nanorod arrays is well matched to those of periodic line pattern in the PPI template. Figure 3 (b) shows the top-viewed morphology of the nanorods on the Zn-polar regions. The nanorods with a hexagonal column shape are vertically grown on Zn-polar regions and the distance of ∼650 nm between adjacent nanorods along the horizontal direction is almost uniform. The diameter and length of nanorods is about 145 nm and 6 µm, respectively.
In order to check the periodicity of nanorods on PPI template, we performed a fast Fourier transform (FFT) using SEM images. The FFT image of Fig. 4 (b) was obtained from the top-view SEM image of nanorod arrays as shown in Fig. 4 (a) . A horizontal direction of the SEM image forms the spot pattern with regular interval. It means that the nanorod arrays with same gap between neighboring nanorods with horizontal directions were periodically formed on PPI template. After removing the noise in the FFT image, an inverse FFT image was obtained as shown in Fig. 4 (c). Periodic line patterns in inverse FFT image are well coincide with the pattern of nanorod arrays.
The formation steps of ZnO nanorods on only Znpolar surface were considered as following : (1) Firstly, we can expect the higher reactivity of Au at the Zn-polar surface than at the O-polar surface such as the formation of Au-Zn alloys 16) and/or the diffusion of Zn into Au 17) during increasing temperature before the growth of nanorods. The reaction site could be more unstable than Au particles or ZnO surface, which result in the nucleation site of ZnO nanorods. We notify that we couldn't observe the formation of ZnO nanostructures on a flat ZnO surface under same growth conditions when the catalyst did not deposit on the surface of ZnO. From the result, we can expect that the desorption rate of adatoms is higher than the absorpation rate on a flat ZnO surface. (2) As continuous feeding of source materials, the Au catalyst was covered by ZnO. The growth behaviors depend on the polar characteristics of ZnO. At the nucleation site on Zn-polar surface formed by the diffusion of Zn adatoms and at the reaction site between Au-Zn, ZnO nanorods are formed by fast growing along the c-direction due to higher growth rate than O-polar ZnO and anisotropic growth behaviors. On the other hands, the Zn adatoms on O-polar surface was slowly deposited and formed the film by small dangling bonds. We confirmed the growth behaviors using MBE-grown Zn-and O-polar ZnO films with a coating of Au thin film 18) . The crystal properties of the ZnO nanorods grown on the PPI template were investigated by HRXRD measurement. . The small FWHM of rocking curve implies that the vertically aligned nanorods on the substrate surface have high crystallinity. Figure 5 (b) shows a six-fold rotational symmetry in the azimuthal (f) scan of ZnO (1012). This clearly indicates that the ZnO nanorods were epitaxially grown with homogeneous in-plane alignment without the rotated domains.
The optical properties of the ZnO nanorods on PPI template were investigated by PL measurement. The PL spectra were obtained at 10 K and room temperature using a He cryostat. At low temperature, the dominant peak at 3.361 eV, which is attributed to the neutral donor bound exciton (D 0 X) emission, was observed as shown in Fig. 6 (a) . The FWHM of D 0 X is about 2 meV, which is comparable to the value of ZnO epitaxial film. At the higher energy of the D 0 X, free exciton (FE) related peak was observed around 3.42 eV. This indicates clearly that the nanorods have good optical property. A broad visible emission centered at 2.4 eV with a step-shape by interaction with phonon is observed. Two origins of green emission were previously suggested : one is the copper impurities and the other is the oxygen vacancy as a defect in ZnO 20, 21) . Considering the experimental conditions, in our case, the mechanism of green emission is considered as to oxygen vacancy rather than copper impurities. Because source or boat materials used in our experiments did not include the copper. As a formation mechanism of the oxygen vacancy of ZnO nanorods, we can consider that generated carbon oxide during the carbothermal reduction of ZnO could probably form carbon dioxide by the reaction with the surface of ZnO nanorods 22) . From the PL spectra at room temperature as shown in Fig. 6 (b) , a free exciton and a deep-level emission are observed at 3.265 and 2.457 eV, respectively. The intensity of deep-level emission is about six times stronger than that of free exciton emission. The reason is probably attributed to enhance the surface recombination and/or previously mentioned surface defects at the nanorods with high surface area. Previously, the enhancement of surface luminescence by size reduction of ZnO nanowires was reported by Shalish et al 23) . We introduced our results about the fabrication of ZnO nanorods using PPI templates. From the results, the polarity dependent growth behaviors of ZnO were reviewed. The difference led to form the nanorods in the limited boundaries by polarity. We successfully fabricated the well-aligned ZnO nanorod arrays on the PPI template with submicron pitch which was fabricated by employing the polarity controlled thin film using MBE and the holographic lithography technique. We expect that our results are useful for nanocrystal growth as well as application in photonic devices such as laser emitter array, optical sensor, and photonic crystal. 
